1. Introduction {#sec1}
===============

Antibody-drug conjugates (ADCs) constitute one of the most promising types of targeted cancer therapeutics. Typically, an ADC molecule includes an antibody targeting a tumor cell surface antigen, coupled with a number of potent cytotoxic payloads, via covalent conjugation (i.e., a linker). To date, eight ADCs that have been approved by U.S. Food and Drug Administration (FDA) include gemtuzumab ozogamicin (Mylotarg, Pfizer, Inc.), brentuximab vedotin (Adcetris, Seattle Genetics, Inc.), ado-trastuzumab emtansine (Kadcyla, Genentech, Inc.), inotuzumab ozogamicin (Besponsa, Pfizer, Inc.), polatuzumab vedotin-piiq (Polivy, Genentech, Inc.), enfortumab vedotin-ejfv (Padcev, Seattle Genetics, Inc.), trastuzumab deruxtecan (Enhertu, Daiichi Sankyo, Inc.) and sacituzumab govitecan (Trodelvy, Immunomedics, Inc.) and more than 100 in active clinical trials \[[@bib1]\].

Though antibodies in ADCs rarely have antitumor activities by themselves, their specificity to target antigens often makes them useful delivery vehicles of payloads targeting tumor cells \[[@bib2]\]. The toxic payloads used in most approved and clinical-stage ADCs are microtubule disruptors (*e.g*., maytansinoid and dolastatin analogs) or DNA-damaging agents (*e.g*., duocarmycins, pyrrolobenzodiazepines, and calicheamicins). The conjugating linkers in ADCs are generally classified into cleavable and non-cleavable ones, which behave quite differently in a biological system, and produce distinct in vivo forms of released toxin. Specifically, cleavable linkers (*e.g*., valine-citrulline dipeptide, hydrazine, and disulfide bridge) could be sensitive to cancer cell-specific intracellular properties, such as expression of certain protease, pH, and glutathione, and thus carrying the potential to achieve selective release of payloads \[[@bib3]\]. By comparison, non-cleavable linkers contain no specific release mechanism and rely on intracellular proteolytic degradation following ADC internalization \[[@bib3]\]. From an analytical perspective, while ADCs with cleavable linkers release free payload in a biological system, those with non-cleavable linkers usually release active payload-linker-amino acid moieties that are produced after the complete degradation of ADCs \[[@bib3]\]; consequently, different analytes should be targeted.

Due to the high complexity of ADCs, analysis of these compounds is uniquely challenging, especially in a biological system. For instance, both the small-molecule payloads and the protein portion need to be analyzed. In addition, drug-to-antibody ratio (DAR) is an important parameter describing the number of payloads conjugated to the antibody since the DAR species could dynamically change in vivo, which brings additional challenges for bioanalysis. Compared to other traditional methods, liquid chromatography--mass spectrometry (LC-MS) has the unique capability in ADC analysis, since it can broadly analyze small molecules, intact proteins, digested proteins, as well as specific domain of proteins with the molecule-level resolution. Therefore, LC-MS represents a highly versatile and valuable tool and has played an indispensable role in ADC characterization, both quantitatively and qualitatively.

In the initial development stage, especially for linker and payload discovery, LC-MS is highly valuable in providing structure-activity relationship information \[[@bib4]\]. LC-MS has also been widely employed in characterization of the physicochemical properties of ADCs, which have profound effects on the safety and efficacy profile \[[@bib5]\]. For in vivo analysis, typically quantification in plasma, including enzyme-linked immunosorbent assay (ELISA), LC-MS, or a combination of the two methods are often employed. In general, ELISA is more commonly used in quantification of ADCs in plasma but is often matrix- and species-dependent. Moreover, the method development for ELISA is often time consuming and costly, which is impractical in the early phase of ADCs development. Another challenge for ELISA is that it cannot differentiate DAR species of ADCs. By comparison, LC-MS is often matrix- and species-independent, and method development is much faster, therefore providing a promising alternative to ELISA for ADC quantification \[[@bib6],[@bib7]\]. Additionally, owing to the molecular-resolution of LC-MS, it is capable of determining DAR in biological samples directly and therefore is very helpful in characterizing DAR species \[[@bib4]\].

Moreover, the therapeutic window is narrow for most of the current ADCs due to off-target toxicity \[[@bib8]\]. It is critical to perform a comprehensive in vivo analysis of ADCs to understand the effects of various species produced by ADC (*e.g.,* via biotransformation) on toxicity \[[@bib9]\]. One paradigm is that measurement of tissue distribution of ADC-derived species at the off-target sites would be highly valuable for identifying perpetrators of toxic side effects. Radiolabeling approach has been used in previous studies to investigate ADC tissue distribution, which suffered from low accuracy and specificity owing to issues associated with radiolabeling \[[@bib10],[@bib11]\]. By comparison, LC-MS-based method could be a promising solution to quantification of ADCs in tissue because of its high specificity and matrix independency \[[@bib12]\].

With the ever-increasing interests in ADCs, a deeper understanding of the molecular characteristics and in vivo behaviors, as well as the connection between the two is urgently needed and appears to be a good fit for LC-MS. That being said, further technical improvements are essential for overcoming current hurdles and warranting reliable and practical investigation.

2. Analysis of the large-molecule portion {#sec2}
=========================================

With the capability of protein analysis at peptide, subunit and intact levels, LC-MS can provide comprehensive protein characterization, both qualitatively and quantitatively. In this section, we review LC-MS analysis on whole ADC and protein levels, including conjugation site analysis, biotransformation characterization, localization of post-translational modification (PTM), and antibody structural integrity confirmation.

2.1. Qualitative characterization {#sec2.1}
---------------------------------

Extensive characterization of ADC products is often required by FDA, such as DAR analysis, drug-load-distribution (DLD) assessment, conjugation sites characterization, and PTM evaluation. LC-MS-based techniques are one of the most important tools for these assays, and particularly useful for characterization of the protein component of ADCs. Depending on the purpose of analysis, LC-MS can analyze proteins at bottom-up (*i.e.,* peptide mapping), middle-down (*i.e.,* subunit analysis) or top-down (*i.e.,* intact protein) levels. These different levels of protein analysis are also often performed in parallel to provide orthogonal and more comprehensive information \[[@bib13]\]. Reversed-phase liquid chromatography (RPLC) is the most commonly used for separation because of high efficiency and robustness, and high-resolution MS such as Orbitrap, Quadrupole-Time-of-Flight (Q-TOF), and Fourier Transform Ion Cyclotron Resonance (FTICR) are routinely used for detection because their high resolving power benefits identification of biotransformation/PTM as well as differentiation of DAR species \[[@bib14], [@bib15], [@bib16]\]. Typically, a 17,500 resolution could be sufficient for DAR characterization, and it has been reported that a resolution limited around 35,000 could be beneficial to DAR characterization when using Orbitrap \[[@bib17]\]. Here we review the use of LC-MS with peptide mapping as well as the intact/subunit approaches for in-depth ADC characterization.

### 2.1.1. Peptide mapping for analysis of conjugation site and PTMs {#sec2.1.1}

Due to the high heterogeneity of ADCs, the analysis of antibody vehicle is often challenging. Moreover, PTMs such as glycosylation, phosphorylation, deamidation and methylation further compound this problem. Peptide mapping or bottom-up LC-MS represents a powerful tool for characterization of the sequence and PTMs of proteins with high specificity and reproducibility, and thereby has been extensively used in quality control \[[@bib18]\]. The protein molecules are regularly prepared with or without protein purification depending on the complexity of sample, followed by denaturation, reduction, alkylation and enzyme digestion to produce relatively short, completely proteolyzed peptides. The digest is then analyzed on RPLC-High-Resolution-MS and a data processing tool (usually including a searching engine) to obtain detailed information on protein primary sequence and modifications.

With the ability to elucidate site-specific information, peptide mapping is the most frequently used tool for conjugation site identification and characterization. One study has utilized peptide mapping analysis on a UPLC-MS for confirmation of T-DM1 primary sequence and evaluation of site of conjugation/occupancy \[[@bib19]\]. The work identified 82 conjugated lysine sites accounting for nearly 90% of available lysine residues and achieved much improved site coverage compared with several previous studies which had identified 38--44 conjugation sites \[[@bib19], [@bib20], [@bib21]\]. A group employed peptide mapping with UPLC-Q-TOF to determine the stability of 26 conjugation sites of T-DM1 and compared the degradation rates at each site to provide guidance for quality control \[[@bib22]\]. Another group developed a new procedure with enhanced depth-of-analysis, including improved reduction, immune-globulin degrading enzyme of *Streptococcus pyogenes* (IdeS) digestion protocol and the use of UPLC-TOF to identify payload positional isomers at cysteine residues of brentuximab vedotin \[[@bib23]\].

However, one concern is that the conjugation of the payload often results in a significant increase in hydrophobicity of the conjugated peptides derived from ADCs and thus the LC separation of such conjugated peptides may be difficult \[[@bib24],[@bib25]\]. A number of studies attempting to address these challenges have been reported. For example, capillary zone electrophoresis (CZE)/MS peptide mapping has been used as an orthogonal tool to help the separation of large hydrophobic peptides, hydrophilic di-/tri-peptides and glycopeptides from ADCs \[[@bib26]\]. Another work adopted micro-pillar array columns in LC-nano-electrospray ionization (ESI)-Q-TOF for ado-trastuzumab emtansine (T-DM1) characterization, which offers highly efficient separations even for hydrophobic segments, and achieved a high sequence coverage of peptide mapping \[[@bib27]\].

Identification and quantification of PTMs are imperative owing to its potential of altering protein functions such as deactivating proteins and leading to a decreased efficacy. LC-MS-based peptide mapping is the gold standard to evaluate PTMs of therapeutic antibodies owing to the ability of accurate site localization. Though no study has yet used peptide mapping for evaluation of PTMs in ADCs, many studies on therapeutic antibodies have been reported \[[@bib28], [@bib29], [@bib30]\]. While the technique is proved to be very useful and widely practiced, some issues remain. Proper protocols in the database searching process are important for minimizing the false positive of the PTM annotation \[[@bib29]\]. Additionally, multiple-step sample preparation may introduce artificial modifications \[[@bib13]\]. The optimization of sample preparation protocols, especially the digestion step, has been conducted in attempt to address this problem \[[@bib18],[@bib31],[@bib32]\]. Analysis on intact/subunit levels was also performed for evaluation of PTMs as well as other forms of biotransformation. Though these approaches may not be able to provide the exact location of PTMs, the reduced sample preparation step could decrease artificial modifications and improve throughput. Moreover, such methods can preserve information of the functional relationship of multiple PTMs and identify different proteoforms \[[@bib33],[@bib34]\].

### 2.1.2. Intact/subunit analysis {#sec2.1.2}

Characterization of ADC at intact/subunit levels is an important component for LC-MS-based ADC analysis. [Table 1](#tbl1){ref-type="table"} summarizes the analytical conditions of intact/subunit level LC-MS-based ADC analysis \[[@bib17],[@bib24],[@bib25],[@bib35], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48]\].Table 1Recent applications of intact/subunit LC-MS to ADC analysis.Table 1ADCSubjectConditionIntact/SubunitLCColumnMobile phaseMSRef.Trastuzumab-vc-MMAEIn vitro DAR characterizationDenatureSubunitRPLCC4 (100 mm × 2.1 mm i.d., 3.5 μm, 450 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib17]\]C4 (150 mm × 1 mm i.d., 5 μm, 300 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNOrbitrapSite-specific ADCConjugation site and glycosylation site identificationDenatureSubunitRPLCPS/DVB (100 mm × 1 mm i.d., 4 μm, 1500 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNOrbitrap\[[@bib24]\]Lys-conjugated ADC, site-specific ADCIn vitro DAR characterizationDenatureIntactOrganic SECEthylene bridged hybrid-based particle, diol bonding (150 mm × 4.6 mm i.d., 1.7 μm,200 Å)30% ACN, 70% water with 0.05% TFAQ-TOF\[[@bib25]\]Cys-conjugated ADCNativeIntactSEC20 mM--40 mM ammonium acetate in waterCys-conjugated ADC, site-specific ADCIn vitro DAR characterizationDenatureSubunitRPLCC4 (100 mm × 2.1 mm i.d., 1.7 μm, 300 Å);\
Diphenyl (100 mm × 2.1 mm, 1.8 μm, 300 Å)Consisting of TFA, water, isopropanol, ACNSite-specific ADCBiotransformation characterizationDenatureSubunitRPLCC4 (50 mm × 2.1 mm i.d., 1.8 μm, 300 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib35]\]Site-specific ADCIn vivo DAR characterizationDenatureSubunitRPLCPS/DVB (150 mm × 2.1 mm i.d., 8 μm, 1000 Å)A: 0.1% TFA in water\
B: 0.08% TFA in ACNQ-TOF\[[@bib36]\]NativeIntactSECEthylene bridged hybrid-based particle, diol bonding (150 mm × 2.1 mm i.d., 1.7 μm, 200 Å)A: 0.1% FA/0.025%TFA in water\
B: 0.1% FA/0.025%TFA in ACNQ-TOF or OrbitrapSite-specific ADCIn vivo DAR characterization and catabolite characterizationDenatureSubunitRPLCPS/DVB (50 mm × 500 μm i.d.)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib37]\]Trastuzumab emtansineBiotransformation characterizationDenatureIntact or subunitRPLCPS/DVB (5 cm × 500 μm i.d.), PS/DVB (25 cm × 200 μm i.d.)A: 0.1% FA in water;\
B: 0.1% FA in ACNOrbitrap\[[@bib38]\]Cysteine-conjugated ADC, site-specific ADC, lysine-conjugated ADCIn vivo DAR characterizationDenatureIntact or subunitRPLCPS/DVB (50 mm × 0.3 mm i.d., 5 μm, 4000 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib39]\]THIOMAB-vc-MMAEIn vivo DAR characterizationDenatureIntactRPLCPS/DVB (50 mm × 0.3 mm i.d., 5 μm, 4000 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib40]\]Brentuximab VedotinIn vitro DAR characterization, positional isomer characterizationNativeIntactHIC × SECHIC: PA (100 mm × 4.6 mm i.d., 5 μm, 1000 Å);\
SEC: Silica-based particle, hydrophilic bonding (50 mm × 4.6 mm, 2.7 μm, 300 Å)HIC: 2.5 M of ammonium acetate and 0.1 M phosphate buffer (pH 7.0); 0.1 M phosphate buffer (pH 7.0);\
SEC: 100 mM ammonium acetateIM × MS\[[@bib41]\]Trastuzamab Entansine, cysteine-conjugated ADCIn vitro DAR characterizationNativeIntactSECEthylene bridged hybrid-based particle, diol bonding (150 mm × 2.1 mm i.d., 1.7 μm, 200 Å)50 mM ammonium acetate in waterQ-TOF\[[@bib42]\]Trastuzumab-DSEA- fluorophoreIn vitro DAR characterizationDenatureSubunitRPLCPS/DVB (150 mm × 2.1 mm i.d., 8 μm, 1000 Å)A: 0.05% TFA in water;\
B: 0.05% TFA in ACNQ-TOF\[[@bib43]\]Trastuzumab-mc-MMAF, Trastuzumab-vc-MMAEIn vitro DAR characterizationDenatureSubunitRPLCPhenyl (5 mm × 2.1 mm i.d., 20 μm, 1000 Å)Water; ACN; 1% FAQ-TOF\[[@bib44]\]NativeIntactSECEthylene bridged hybrid-based particle, diol bonding (150 mm × 4.6 mm i.d., 1.7 μm, 200 Å)10 mM ammonium acetate in water (pH 6.9)Lysine-conjugated ADCs, dual-payload ADC, site-specific ADCIn vitro DAR characterizationDenatureIntactRPLCPS/DVB (100 mm × 3.0 mm i.d., 4 μm, 1500 Å)20% ACN, 80% water with 0.1% FATOF\[[@bib45]\]Cantuzumab-SPDB-DM4In vitro DAR characterizationDenatureIntactSECDiol-bonded silica (30 cm × 4.6 μm i.d., 4 mm, 250 Å)50% aqueous ACN containing 0.02% TFA and 1% FATOF\[[@bib46]\]Site-specific ADCIn vivo DAR characterizationDenatureIntactRPLCC4 (100 mm × 0.3 mm i.d., 1.7 μm, 300 Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib47]\]Trastuzumab EmtansineQuantification in biological samplesDenatureIntactRPLCC4 (50 mm × 2.1 mm i.d., 1.7 μm, 300Å)A: 0.1% FA in water;\
B: 0.1% FA in ACNQ-TOF\[[@bib48]\][^1]

#### 2.1.2.1. Biotransformation characterization {#sec2.1.2.1}

ADC in vivo biotransformations such as payload deconjugation, protein mass adduct/loss and payload metabolism often occur due to the nature of the in vivo environment, and the instability and complexity of the conjugation sites or linkers \[[@bib35],[@bib49]\]. Such biotransformations could potentially decrease efficacy and increase off-target toxicity. Even though some new engineering technologies (*e.g*., cystine engineering, non-natural amino acid engineering, enzyme-mediated conjugation, peptide tags engineering, new heterobifunctional reagent) have been utilized in a site-specific manner to produce more homogenous and stable ADCs, in vivo biotransformations could very well persist \[[@bib35],[@bib36]\]. Therefore, the analytical method to characterize ADC biotransformations is particularly important in helping guide the engineering efforts of ADCs as well as elucidate the paths of ADC metabolism/catabolism \[[@bib16]\].

In this regard, intact and subunit LC-MS is the method of choice due to its ability to provide high-level sequence and structure information in a high-throughput manner \[[@bib50]\]. While intact analysis measures the intact ADCs (*e.g.,* ≥ 150 kDa) either under native or denaturing conditions, subunit analysis measures fragments (20--50 kDa) produced by reduction or enzyme digestion such as papain, IdeS and carboxypeptidase B digestion \[[@bib51]\]. In plasma, affinity capture using specific capture agents is often employed for in vivo biotransformation analysis \[[@bib35]\]. Previously, several subunit LC-MS studies surveyed biotransformations of Fab-conjugated ADCs using affinity capturing, but the developed technical procedures are often not applicable to Fc-conjugated ADCs \[[@bib37]\]. More recently, an improved affinity capture LC-MS assay has been developed for analysis of biotransformation and conjugation sites in a variety of antibody types \[[@bib35]\], which, according to the authors, could identify small-size modifications such as hydrolysis with enhanced sensitivity and resolution. The authors have applied this method to evaluate in vivo biotransformation of HC-Fc conjugated ADCs and discovered catabolites from deacetylation of conjugated tubulysin. Although LC-MS analysis of intact proteins or large protein fragments usually carries significantly lower sensitivity and limited site-specific information, this problem could be partially alleviated with the recent development with high-resolution MS. For example, one group has studied the catabolites of T-DM1 at intact level and found Orbitrap showed superior results compared with Q-TOF MS \[[@bib38]\]. They have identified three types of biotransformation involving cysteine and glutathione adduct formation, loss of maytansinol and hydrolysis at the linker-drug sites.

It is often found that combined multi-level analysis is beneficial since it provides complementary information. For example, a study has shown that middle-level analysis combined with intact and native MS provided broader insights into the conjugation heterogeneities and DAR analysis of ADCs \[[@bib36]\]. In the same way, intact and subunit LC-MSs are also frequently used for DAR and DLD analysis, which is to be discussed in the "DAR characterization" section.

#### 2.1.2.2. Characterization of antibody assembly {#sec2.1.2.2}

One recent development in the field is the ADC with a bi-specific antibody. Generally, poor internalization rate has been a prominent issue for ADCs; the bi-specific ADCs emerged to enhance the internalization and trafficking to the lysosome by either targeting a fast internalizing receptor and tumor cell surface specific target using the two arms respectively, or targeting two different epitopes of the same antigen. Examples of bi-specific ADCs currently on clinical trials are MEDI4276 and ZW49 \[[@bib52],[@bib53]\]. Given that ADCs containing bi-specific antibody represent a future trend, and that evaluating structural integrity of bi-specific antibody is important in ensuring safety and efficacy, here we review the utilization of LC-MS in assessment of the structural heterogeneity of bi-specific antibodies. Although all three components of ADCs (*i.e.,* the antibody, payload and linker) are critical for structural integrity, this section will mainly discuss bi-specific antibody assembly, and payload conjugation will be discussed in detail in a later section \[[@bib54],[@bib55]\]. Despite emerging strategies to promote correct chain pairing, undesirable antibody assembly persists, which must be characterized \[[@bib56]\]. Intact-level LC-MS analysis is a promising technique in this regard, for instance, characterization of the assembly of heavy and light chains \[[@bib57]\]. The correctly assembled antibodies can be separated from byproducts such as hole-hole dimer, hole half-antibody and hole half-antibody fragments by different chromatographic techniques including KappaSelect affinity chromatography, LambdaFabSelect affinity chromatography, hydrophobic interaction chromatography (HIC) and RPLC \[[@bib58]\].

Additionally, the use of high-resolution MS can differentiate the correctly assembled antibodies from its byproducts by mass shift, thus achieving unambiguous identification \[[@bib59]\]. Schachner et al. \[[@bib59]\] described an LC-MS method using Exactive Plus Extended Mass Range Orbitrap, which had identified low levels of mis-paired anti-interleukin (IL)-4/IL-13 bispecific immunoglobulin G (IgG). Due to the different masses of anti-IL-4 light chain and anti-IL-13 light chain, the mass analyzer readily distinguishes the correctly assembled form with the 2x IL-4 L form and 2x IL-13 L form. Additionally, Woods et al. \[[@bib60]\] utilized an advanced ESI-Q-TOF MS and intact level analysis to evaluate the heterodimeric purity of a prototype asymmetric antibody containing two different heavy chains and two identical light chains. Moreover, Gomes et al. \[[@bib61]\] employed Q-TOF MS to characterize heterogeneity of in-house produced antibody.

However, when the two different light chains show similar properties (*e.g.,* molecular weight and/or polarity), discrimination of swapped dimeric products from the correctly assembled ones would be difficult using intact analysis. In such events, partial digestion and analysis of subunits become helpful. For example, Wang et al. \[[@bib62]\] incubated a bispecific antibody product with the enzyme GingisKHAN, which specifically cuts between the K and T residues above the hinge region. In the digest, the two Fabs generated from the swapped light chains were clearly different from these from the correctly assembled antibody, which can be specifically analyzed by LC-MS.

2.2. DAR characterization {#sec2.2}
-------------------------

In most cases, payloads are conjugated to the ε-NH~2~ of surface-exposed lysine residues or the sulfhydryl group of interchain cysteine residues of the antibody, or specifically conjugated to engineered cysteine resides (THIOMAB) to form an ADC with well-defined DAR \[[@bib3]\]. For the first two types of ADCs, since over 70 lysine residues and about 8 cysteine residues are available in an antibody molecule, linkages of cytotoxins result in a heterogeneous mixture of ADCs in the final product, with a wide distribution of DAR \[[@bib63], [@bib64], [@bib65]\]. Because various DAR species could carry different efficacy and safety, the DAR value is a critical parameter for ADCs. In practice, weighted average DAR has become a key attribute to ADCs quality control, which is routinely measured in ADC products to validate homogeneity \[[@bib57],[@bib66]\]. Furthermore, although ADCs are designed to remain stable until internalized, non-specific deconjugation occurs after ADCs administration, resulting in altered DAR in vivo \[[@bib39],[@bib40]\]. Therefore, monitoring DAR changes after drug administration is important in determining ADC stability and assessing therapeutic effects. While DAR measurement is typically conducted at the protein level, average DAR, especially for in vivo systems, could also be alternatively calculated by separated quantification of conjugated payloads and total antibody \[[@bib57],[@bib67],[@bib68]\]. In this section, we only focus on DAR measurement at intact protein/subunit level, and bottom-up strategy will be discussed in the "Conjugated payload in biological sample" section.

Traditional analytical techniques available for DAR characterization include ultraviolet/visible (UV/Vis) spectroscopy, absorbance spectroscopy coupled with chromatographic techniques including hydrophobic HIC, CE, capillary isoelectric focusing (cIEF), ion exchange chromatography (IEC), and RPLC \[[@bib5],[@bib40],[@bib69], [@bib70], [@bib71], [@bib72], [@bib73], [@bib74], [@bib75], [@bib76], [@bib77]\]. More recently, LC-MS and other MS-based approaches, which provide far more accurate and detailed characterization of DAR, have been devised. These include intact/subunit LC-MS, matrix-assisted laser desorption/ionization (MALDI)-TOF-MS, CE-MS, ion mobility (IM)-MS et al. \[[@bib17],[@bib57]\]. Selection of method should be based on the considerations of conjugation chemistry, characteristics of the linker and payload, and sample matrix. Given that several publications have discussed this topic in detail \[[@bib2],[@bib4],[@bib57]\], here the focus is on the application and future trends of LC-MS-based technologies in DAR measurement.

LC-MS is a powerful tool for DAR measurement because of its molecular-level resolution and the compatibility with various matrices \[[@bib78]\]. Moreover, compared with the widely-used HIC-UV/Vis, LC-MS consumes significantly less sample for DAR measurement, while delivers comparable or better analytical performance than other methods \[[@bib17]\]. That being said, several important issues are worth noting. Firstly, the composition and pH of mobile phase should be adjusted for ADCs with acid-labile linkers such as hydrazone in order to maintain linker-drug integrity during analysis \[[@bib3],[@bib25]\]. Secondly, ESI source parameters must be carefully optimized to minimize in-source dissociation of ADCs, and therefore maintain minimal analytical artifacts and sufficient sensitivity \[[@bib4],[@bib25]\]. A general procedure of LC-MS-based DAR measurement at intact protein/subunit level involves deconvoluting the mass spectra to a series of "zero-charge" masses, and then obtaining DAR distribution or computing average DAR by integrating and weighting the spectral peak area or peak intensities \[[@bib2]\]. Though widely practiced, one potential concern is that different states of payload conjugation or other modifications could change MS response, resulting in biased DAR \[[@bib79]\]. Moreover, ionization of co-eluted DAR species might interfere with each other \[[@bib2]\]. To address these concerns, one study suggested using an orthogonal approach to validate LC-MS-obtained DAR \[[@bib17]\].

### 2.2.1. *In vitro* DAR characterization for product quality control {#sec2.2.1}

As mentioned above, the majority of ADCs are either Cys- or Lys-linked. Deglycosylation is commonly performed in sample preparation to reduce spectra complexity. For Cys-conjugated ADCs, conventional RPLC-MS-based DAR analysis using intact ADCs is not suitable, since the harsh, acidic mobile phase used in conventional RPLC-MS dissociates Cys-conjugated ADCs where the heavy and light chains may not be covalently bound \[[@bib2]\]. Native MS is preferred for intact analysis of Cys-conjugated ADC because of its non-denaturing condition \[[@bib80], [@bib81], [@bib82]\]. Size exclusion chromatography (SEC)-native MS using non-denaturing and MS-compatible mobile phase conditions enables direct DAR measurement of intact Cys-conjugated ADCs \[[@bib25],[@bib42],[@bib83]\]. However, SEC could not resolve each DAR species, and the differentiation among various DAR species relies on high-resolution mass analyzers. Instead, HIC can resolve DAR species but involves the use of nonvolatile salts that are not compatible with ESI-MS. Although traditionally HIC is not preferred for MS analysis, it favors Cys-conjugated ADC analysis owing to its non-denaturing feature. More recently, efforts have been directed toward online coupling of HIC with native MS \[[@bib41],[@bib84],[@bib85]\]. Nonetheless, despite potentials of native MS in DAR measurement of Cys-conjugated ADCs, native MS requires instruments to have extended mass range, and often demands strong expertise and laborious procedure, especially for complex samples \[[@bib80],[@bib86]\]. Alternatively, reduction with dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP) is performed followed by RPLC-MS-based DAR measurement from the dissociated light and heavy chains, and RPLC is capable of separating chains with various payloads \[[@bib2]\]. In addition, partial-digestion with IdeS followed by a reduction step generating various ∼25 kDa fragments, along with the non-conjugated Fc/2 fragment as internal reference, improves DAR measurement accuracy and provides supplementary structural information of ADCs such as C-terminal lysine truncation, pyroglutamylation, oxidation and degradation products \[[@bib43],[@bib44]\].

Unlike Cys-linked ADCs, Lys-linked ADCs remain intact under the denaturing conditions of RPLC-MS, where the average DAR could be directly calculated from deconvoluted spectra \[[@bib2],[@bib45]\]. A study comparing DAR obtained by LC-ESI-MS and a reference method (UV/Vis) for a Lys-conjugated ADC product (huC242-SPDB-DM4) suggested LC-MS produced an average DAR comparable to that by UV/Vis; the study also found it is important to use a full charge envelope for deconvolution of mass spectra \[[@bib46]\]. Nonetheless, the interpretation of the mass spectra of Lys-conjugated ADCs is often challenging due to their high heterogeneity and high charge states under denaturing conditions (thus narrowly-spaced MS peaks). Therefore, C-terminal lysine removal to reduce charge-heterogeneity during sample preparation are recommended to reduce the spectral complexity \[[@bib57]\]. Compared with RPLC-MS, SEC-native MS shifts the charge envelope to a higher mass window, which could improve mass spectrum quality for Lys-conjugated ADCs \[[@bib42]\].

### 2.2.2. *In vivo* DAR characterization {#sec2.2.2}

The in vivo dynamic change of the average DAR reflects ADC stability after drug administration. Measurement of DAR in biological samples is highly challenging owing to problems associated with sensitivity and the complex biological matrices. Towards this end, a highly efficient and selective immunoaffinity enrichment of ADCs must be performed prior to intact LC-MS-based in vivo DAR measurement \[[@bib37],[@bib39],[@bib40]\]. Though such strategy has been adopted in plenty of work of DAR measurement in plasma, it suffers from low sensitivity rooting from the intrinsic low MS response for intact analysis. Alternatively, reduced or limitedly-digested samples can be used to enhance sensitivity for in vivo DAR determination, as shown in a number of reports \[[@bib47],[@bib87], [@bib88], [@bib89]\]. Furthermore, the intact analysis in vivo requires a highly specific and efficient capturing reagent, which may not be available in many cases. Finally, immunoaffinity enrichment does not work well in tissues, limiting the method only applicable to plasma analysis \[[@bib90]\]. One new approach to determining in vivo DAR is to separately quantify conjugated payload and total antibody, currently applicable to ADCs containing cleavable linkers \[[@bib67],[@bib68],[@bib91], [@bib92], [@bib93], [@bib94]\]. Compared with intact DAR measurement, this method has much higher sensitivity favored by peptide-level protein quantification. Examples are described in the "conjugated payload in biological sample" part.

In order to further take the advantage of the superior ability of LC-MS in DAR measurement, a number of new techniques are under development at the moment. For example, to obtain improved separation, DAR measurement using 2-dimensional LC (2D-LC) such as HIC × RPLC and HIC × SEC was described \[[@bib41],[@bib76],[@bib85]\]. Furthermore, IM technique that provides a new, orthogonal dimension for separation of ADC samples has attracted considerable interest \[[@bib41],[@bib82]\]. IM-MS separates gas-phase ions based on their differential mobility against a buffer gas \[[@bib95]\]. By providing a third dimension of separation, IM-MS could help to achieve unambiguous identification of DAR species and allow more accurate DAR measurement \[[@bib41]\].

2.3. Quantitative analysis in biological samples for pharmacokinetic investigation {#sec2.3}
----------------------------------------------------------------------------------

Pharmacokinetic investigation of ADC in vivo is complicated by nature. For instance, it is still under debate as to which ADC forms in plasma are the most representative of the exposure-response relationship, and consequently, efficacy and safety \[[@bib96]\]. A position paper on ADCs bioanalysis has recommended that the following components should be measured at an early drug development stage for evaluation purpose: conjugated forms (conjugated antibody or antibody-conjugated drug), the total antibody, and unconjugated drug \[[@bib66]\]. Correspondingly, sample preparation procedure is often quite complicated in order to achieve comprehensive ADC bioanalysis and fit-for-purpose protocols should be developed based on the desired target analytes as well as nature of the sample. The general sample preparation strategies for LC-MS-based ADC bioanalysis are summarized in [Fig. 1](#fig1){ref-type="fig"}. For LC-MS based quantification methods, peptide-level quantification of the antibody part is at the main stage, while intact ADC quantification is picking up albeit slowly. Here both the peptide- and intact-level quantification methods are reviewed. Analysis of unconjugated drugs and metabolites entities is discussed in a latter section.Fig. 1Summarized schematic for the general sample preparation procedure for LC-MS-based ADC bioanalysis.Fig. 1

### 2.3.1. Protein quantification using peptide-level (bottom-up) approach {#sec2.3.1}

#### 2.3.1.1. Total antibody {#sec2.3.1.1}

After drug administration, due to the change of DAR in vivo, the calibration curve prepared using the drug as the reference may not exactly represent the analytes in the study samples over the time course of PK measurement. Total antibody quantification targets all antibody forms regardless of the presence of conjugated drug, which is considered to be the most useful in characterization of antibody-related PK behavior of the ADCs \[[@bib2],[@bib97]\]. Quantitative strategy for total antibody of ADCs is usually the same as these for general antibodies, where bottom-up LC-MS strategy is a widely used quantitative method \[[@bib78],[@bib93],[@bib97], [@bib98], [@bib99]\]. Many factors such as LC conditions, sample preparation and charge states all affect the sensitivity for protein quantification \[[@bib100]\]. To achieve desired sensitivity, affinity capture is typically incorporated. For instance, antibodies are isolated from the matrix by capture reagents such as anti-idiotype (anti-ID) antibody or protein A/G \[[@bib94]\]. The isolated antibodies are denatured/reduced, alkylated and then proteolyzed. Based on several generally-accepted criteria, usually signature peptides (SP) from complementarity-determining region (CDR) will be selected and monitored by LC-MS \[[@bib12],[@bib50],[@bib93],[@bib101]\]. One issue with the anti-ID antibody enrichment is that only the ADC species with at least one unbound variable region could be captured by anti-ID antibody. Therefore, binding to soluble target compromises anti-ID antibody capture efficiency \[[@bib94]\]. Furthermore, protein-level enrichment only works well in plasma but not tissues \[[@bib90]\]. Use of protein G/A also has further limitation because of their indiscriminately binding of endogenous IgG. One alternative is to develop a sensitive LC-MS strategy without protein-level enrichment. For instance, we described an immuno-enrichment-free procedure affording highly sensitive LC-MS-based quantification of antibodies directly from plasma or tissue homogenates, which includes the following technical advances: i) A high-throughput on-the-fly orthogonal array optimization (OAO) strategy \[[@bib6],[@bib102],[@bib103]\], which utilizes a systematic experimental design to develop the optimal LC/SRM-MS conditions for multiple SP candidates in matrix, enabling experimental identification of the optimal SP in a high-throughput and accurate manner. Moreover, synthesis of potential SP candidates is not necessary for the SP selection in this method, which is time/cost effective. ii) A surfactant-aided precipitation/on-pellet-digestion (SOD) sample preparation procedure. The method enables high and reproducible peptide recovery regardless of the matrix (*e.g*., tissues or plasma), thus achieving accurate and sensitive antibody quantification with good robustness \[[@bib104],[@bib105]\]. Surfactant treatment followed by precipitation achieves high and reproducible protein/peptide recovery from various matrices, because surfactant allows not only a high protein extraction efficiency but also extensive denaturation of proteins, rendering them more accessible to digestive enzymes. Moreover, it was found that surfactant greatly facilitates the removal of detrimental matrix components such as lipids and fatty acids \[[@bib106]\]. iii) An antibody-free multiple-mechanism peptide-level enrichment via strategic regulation of pH, and ionic and solvent strengths ([Fig. 2](#fig2){ref-type="fig"}A). The retention of a target peptide on SPE cartridge via cation exchange (CX) and reversed phase (RP) mechanisms is relied on ionic and hydrophobic interactions, respectively; both are profoundly regulated by pH. Thus a highly specific method was developed to enrich SP by a series of selective wash and elution steps using buffers with strategically controlled pH, ionic strength and organic solvent composition. This method eliminates a majority of non-target peptides and matrix components, improving sensitivity and robustness significantly \[[@bib107]\]. Moreover, unlike protein-level enrichment methods, this peptide-level strategy works well in tissues. iv) A trapping-micro-LC-MS method ([Fig. 2](#fig2){ref-type="fig"}B) \[[@bib108]\]. The system enables selective trapping and delivery of the SP while specifically removing matrix peptides to a large extent. Meanwhile, the target peak is concentrated prior to the micro-flow LC/MS, coupled with narrow window isolation (NWI)-SRM, which further boosts the sensitivity. This method achieves high sensitivity comparable to nano-LC/MS while maintaining the comparable throughput to high-flow-LC/MS and excellent robustness. v) Hybrid calibration strategy with full-length protein calibrator and stable isotope labeled (SIL) peptide or extended peptide internal standard (IS) to enable highly accurate quantification of antibodies in a cost-effective manner ([Fig. 3](#fig3){ref-type="fig"}) \[[@bib7]\]. It is worth noting that severe negative bias is almost inevitable when synthesized peptides or extended peptides are used as the calibrator \[[@bib7]\].Fig. 2Examples for non-immunoaffinity methods to improving sensitivity for LC-MS-based quantification of antibodies from plasma or tissue homogenates. The detailed procedures can be found in the corresponding publications. (A) General workflow of a selective antibody free, peptide-level CX-RP enrichment, to improve sensitivity for LC-MS quantification. Adapted with permission from Ref. \[[@bib107]\]. Copyright (2020) American Chemical Society. (B) A trapping-micro-LC-MS workflow for quantitative analysis of mAb with high sensitivity, exceptional robustness and high throughput. Reprinted with permission from Ref. \[[@bib108]\]. Copyright (2020) American Chemical Society.Fig. 2Fig. 3Two-dimensional representations of the quantitative accuracy by peptide-, extended-peptide-, and protein-level calibration approaches and the "hybrid" calibration approaches, indicating the profound effects of calibration approaches on the accuracy for LC−MS targeted quantification of therapeutic protein. Reprinted with permission from Ref. \[[@bib7]\]. Copyright (2020) American Chemical Society.Fig. 3

#### 2.3.1.2. Conjugated antibody {#sec2.3.1.2}

Conjugated antibody refers to antibody forms with at least one conjugated payload. Though the correlation between levels of conjugated antibody and efficacy or toxicity of an ADC has not yet been fully established, considerable interests have been directed to measurement of the conjugated antibody, which is recognized as one of the important active species of ADCs. For conjugated antibody quantification, ligand-binding assay (LBA) using an anti-payload antibody is widely practiced, while a 'hybrid' assay combining immunoaffinity enrichment and LC-MS analysis also serves as an alternative \[[@bib64],[@bib93],[@bib94]\]. In such hybrid assays format, the sample enriched by immunocapture with anti-payload antibody is digested and then the antibody is quantified with bottom-up LC-MS approach \[[@bib94]\]. It should be noticed that peptides-linker-drug moieties might be generated after tryptic digestion of ADCs \[[@bib2]\]. These species are often highly heterogenous in the digest, which should not be selected as the signature peptide for antibody quantification, especially for these ADCs with non-cleavable linkers. Another important issue worth noting is that during the early drug development stage, anti-payload reagents may not be available, which poses a challenge for both LBA and LC-MS-based hybrid assays format.

### 2.3.2. Protein quantification at intact level {#sec2.3.2}

As discussed earlier, advancement of high-resolution MS instruments greatly facilitated LC-MS based intact quantification \[[@bib109]\]. Compared with bottom-up quantification, intact quantification, if properly carried out, can preserve the whole protein information instead of using an SP which could only partially represent the original target. For ADC quantification, LC-MS-based intact quantification is able to provide DAR information.

For intact quantification, major challenges remain such as the low sensitivity, requirement of highly specific and effective capturing reagents, as well as a high-resolution MS suitable for large, intact protein analysis (*e.g.,* proper pressure and ion optic settings). Moreover, the spectra are usually hard to interpret in a quantitative manner, owing to the many charge states and isotopes forms, which further compounds the sensitivity problem \[[@bib48]\]. The large molecule weight of antibody often results in low ionization efficacy and therefore low sensitivity for intact analysis. ADCs exhibit even lower sensitivity than that of a naked antibody because of the signal distribution into different DAR species. Therefore, the success heavily relies on the immunocapture process, which must provide a high recovery and effective removal of interference from biological matrix. For accurate quantification, internal standard (IS) is often indispensable \[[@bib110]\]. However, not only the antibody IS is costly, other issues also exist. For example, one group has tried intact quantification on T-DM1, where the IS co-eluted with the target caused a much more complex spectra that was hard to deconvolute \[[@bib48]\]. As a comparison, the authors further applied narrow-window XIC extraction and deconvolution method for quantification without IS and achieved acceptable quantitative performance within the concentration ranging from 5 to 100 μg/mL. Consequently, though intact-level quantification has been applied for antibodies, quantification of intact ADCs is still in its infancy, rooting from various technical challenges.

3. Analysis of payload {#sec3}
======================

Payload related analytes include residual payloads and associated compounds in the drug product, as well as unconjugated payloads, conjugated payloads, and payload-related metabolites in biological samples after drug dosing \[[@bib5],[@bib12],[@bib111]\]. Because of its unique advantages in specificity and sensitivity, LC-MS plays a pivotal role in payload analysis. For example, the high-sensitivity feature of LC-MS, which enables quantification of unconjugated payload that presents at a very low concentration in vivo making it highly valuable \[[@bib112]\]. Also, LC coupled to high-resolution MS is commonly used in identification of payload-related metabolites.

3.1. Unconjugated payload {#sec3.1}
-------------------------

During ADC production, incomplete removal of unconjugated payload or payload-linker may pose a risk for toxicity due to the extreme potency of the payload toxin \[[@bib112]\]. Therefore, measurement of residual unconjugated payload and related compounds is designated as a CQA for ADC products, which must be routinely monitored \[[@bib113]\]. In an in vivo system, unconjugated payloads refer to the payload forms deconjugated in plasma or target tissues post-dosing \[[@bib12]\]. Plasma level of unconjugated payload closely correlates with off-target toxicities \[[@bib47]\]. Intra-tissue distribution of unconjugated payload is also of great importance in understanding efficacy and toxicity of ADCs \[[@bib114]\]. In this regard, mass spectrometry imaging (MSI) has been proved to be valuable by visualizing spatial distribution of unconjugated payload \[[@bib115]\].

The forms of unconjugated payload from cleavable and non-cleavable linkers are often different owing to the disparate release mechanisms. Specifically, deconjugation of an ADC with cleavable linkers releases the free cytotoxin, while an ADC with non-cleavable linker mainly produces more complicated formats such as amino acid-linker-payload moieties after near-complete degradation of the antibody \[[@bib3]\]. It should be noted that catabolism of ADCs with non-cleavable linkers might produce free cytotoxins as well, which is also characterized in pharmacokinetics studies \[[@bib116]\].

ADCs with cleavable linkers primarily release free cytotoxin; consequently, LC-MS-based analysis of unconjugated payload from these agents usually employs the same strategy as that for quantification of the cytotoxin. Due to the high hydrophobicity of typical cytotoxins, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) are often carried out for extraction. Additionally, deconjugation of payload should be minimized during sample preparation to avoid positive bias. For example, to avoid deconjugation, the pH should be adjusted for acid-labile linkers such as hydrazone linker; adding protease inhibitors is preferred considering various proteases present in the sample may cleave enzyme-cleavable linkers, and sample extraction in an ice-water bath is recommend to minimize deconjugation \[[@bib12],[@bib117]\]. A specific consideration for maytansinoid payloads is that the reactive thiol groups could undergo disulfide exchange with other thiol-containing molecules in the matrix, *e.g.,* forming dimers after release \[[@bib38],[@bib117],[@bib118]\]. Therefore, reduction and derivation of thiol are usually necessary before LC-MS analysis of this type of payloads.

For ADCs with non-cleavable linkers, several payload-containing forms could be produced, which should be quantified together. For example, in the PK and toxicokinetic (TK) studies of Kadcyla (ado-trastuzumab-mcc-emtansine), DM1, Lys-mcc-DM1 and mcc-DM1 are monitored \[[@bib116],[@bib119]\]. LC-MS analysis of those species could be achieved in one run with satisfying resolution using a typical reversed-phase chromatography \[[@bib118]\].

3.2. Conjugated payload in biological sample {#sec3.2}
--------------------------------------------

The level of conjugated payload is generally considered as a valuable indicator related to ADC efficacy and toxicity \[[@bib119]\]. As mentioned previously, LC-MS based quantitative analysis of conjugated ADCs is usually coupled with immunoaffinity pull-down \[[@bib57],[@bib68],[@bib91],[@bib97]\]. For ADCs with cleavable linkers, conjugated payload is quantified after isolation of small molecules from proteins and then linker cleavage. For example, for the ADC utilizing an enzyme-sensitive dipeptide Val-Cit linker (*e.g*., brentuximab vedotin), the release of payload can be achieved by digestion with proteases such as cathepsin B and papain \[[@bib67],[@bib68],[@bib93],[@bib94],[@bib120], [@bib121], [@bib122]\]. For the ADC with a disulfide bond linker (*e.g*., coltuximab ravtansin), reducing agent such as DTT and TCEP is employed for cleavage \[[@bib123],[@bib124]\]. Conventionally, conjugated antibody and conjugated payload are measured by two independent assays using two aliquots of the same samples. Xu et al. \[[@bib125]\] introduced an LC-MS approach enabling simultaneous measurement of total antibody and antibody-conjugated drug in plasma samples, followed by immunocapture enrichment. The strategy utilizes sequentially enzymatic digestion with cathepsin B and then Lys-C to release conjugated payload and then signature peptide of the antibody component. The assay platform was further applied in another ADC containing a polymer linker via an ester bond, which was cleaved by sodium hydroxide \[[@bib99]\].

As mentioned previously, quantification of conjugated payloads of ADCs with cleavable linkers can be achieved after linker cleavage, which is an alternative method to intact LC-MS-based DAR measurement in biological samples \[[@bib67],[@bib68],[@bib91],[@bib93],[@bib94]\]. The average DAR is calculated as the molar ratio of conjugated payload vs. total antibody, and the change of average DAR could indicate ADC deconjugation in vivo \[[@bib94]\]. However, a highly specific immunoaffinity enrichment is commonly required to isolate free payload with conjugated ADCs, which not only is feasible in many projects, but also impedes conjugated payload quantification in tissue samples. An alternative and simpler method is using protein precipitation followed by on-pellet linker cleavage \[[@bib91]\].

By comparison, given the inherent feature of non-cleavable linker, payloads conjugated by non-cleavable linkers are often indirectly determined by multiplying in vivo average DAR measure using intact LC-MS with total antibody concentration \[[@bib57]\]. That being said, direct quantification of small-molecule forms of payloads conjugated with non-cleavable linkers has recently been explored, where the target analytes are payload-linker-amino-acids or payload-linker-peptides after extensive or site-specific digestion \[[@bib93]\]. Such attempts are currently limited to ADCs with site-specific conjugation. Hyung et al. \[[@bib126]\] developed an LC-MS method for quantification of conjugated payload of an engineered, cysteine-conjugated ADC with non-cleavable linkers in plasma sample. After a rough enrichment using protein A, the ADC was subjected to tryptic digestion, which produced a unique peptide-linker-payload moiety for quantification. In another case, an ADC that contained maytansinoid tubulin inhibitor DM1 conjugated to engineered cysteine residues through a tri-glycine-containing peptide linker (CX1) was investigated \[[@bib127]\]. A tryptic peptide containing cystine-linker-payload was selected as the surrogate for quantification of the conjugated payload.

Apart from investigations on unconjugated and conjugated payloads, it appears that protein-payload adduct has attracted increasing attention, especially for cysteine-maleimide-based ADCs (*e.g*., brentuximab vedotin, T-DM1) which might undergo thiol-exchange reactions with matrix proteins \[[@bib128]\]. The protein-payload adduct could originate from thiol-exchange reactions between matrix proteins and unconjugated payloads or conjugated payloads of maleimide-linker-containing ADCs. Characterization of these products provides important information on plasma stability of the ADC product \[[@bib98]\].

4. Future perspective {#sec4}
=====================

The past decade has witnessed growing interest and accelerating development in ADCs. Although these agents have demonstrated improved clinical outcomes, the relationship between structural features of ADCs and clinical efficacy/toxicity is still poorly understood owing to the complicated nature of this therapeutic system. A comprehensive, integrated characterization of ADCs and the related pharmaceutical system is highly valuable in evaluating efficacy/safety of these agents as well as in directing both therapeutic and engineering efforts, which requires reliable analytical approaches to answering quantitative and qualitative questions from a wide range of aspects.

Among the techniques applicable for ADCs analysis, LC-MS emerges as a highly valuable and versatile tool. Over the past few years, a growing number of LC-MS strategies at protein-, subunit-, peptide-, and payload levels have been developed, which permitted a significantly improved understanding of the molecular characteristics and pharmacokinetic/pharmacodynamic of ADCs, and provided novel insights into the complicated albeit interesting therapeutic system. Additionally, these new analytical methods have discovered novel information that profoundly affects the efficacy and safety of ADCs, for example, the identification and quantification of albumin-adduct formation which accounts for a new mechanism for DAR loss in maleimide-containing ADCs \[[@bib120],[@bib128],[@bib129]\].

Despite these tremendous technical advancements, challenges remain. To name a few: i) Analysis of ADCs in tissues is highly critical to understanding drug effects, but is still difficult; ii) lack of an optimal method to analyze conjugated payload for ADCs with non-cleavable linkers; iii) problems associated with analysis of various products of biotransformation and catabolism; and iv) suboptimal robustness and accuracy are often an intractable problem. Addressing these challenges would greatly accelerate drug discovery and development, and facilitate clinical efforts of ADCs. Consequently, we anticipate that in the near future, intense efforts will be directed toward the development of new LC-MS-based analytical strategies in order to meet these challenges. Conceivably, such efforts will also be markedly fueled by the ever-increasing requirements of defining new parameters of ADCs (*e.g*., average DAR in vivo, charge heterogeneity, and positional isomers) and the evolution of new ADC modalities (*e.g*., ADC for non-oncology indications, antibody-dual-drug conjugates, and biparatopic ADC) \[[@bib4],[@bib12],[@bib94],[@bib130]\]. Finally, given the rapid advancement of LC-MS techniques, LC-MS will continue to improve as the most powerful tool for ADC analysis.
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[^1]: PS/DVB: Polystyrene Divinylbenzene, FA: formic acid, ACN: acetonitrile, TFA: trifluoroacetic acid, PA: Polyamide.
